The nucleus accumbens (NAc) regulates motivated behavior by, in part, processing excitatory synaptic projections from several brain regions. Among these regions, the prefrontal cortex (PFC) and basolateral amygdala, convey executive control and affective states, respectively. Whereas glutamatergic synaptic transmission within the NAc has been recognized as a primary cellular target for cocaine and other drugs of abuse to induce addiction-related pathophysiological motivational states, the understanding has been thus far limited to drug-induced postsynaptic alterations. It remains elusive whether exposure to cocaine or other drugs of abuse influences presynaptic functions of these excitatory projections, and if so, in which projection pathways. Using optogenetic methods combined with biophysical assays, we demonstrate that the presynaptic release probability (Pr) of the PFC-to-NAc synapses was enhanced after short-term withdrawal (1 d) and long-term (45 d) withdrawal from either noncontingent (i.p. injection) or contingent (self-administration) exposure to cocaine. After long-term withdrawal of contingent drug exposure, the Pr was higher compared with i.p. injected rats. In contrast, within the basolateral amygdala afferents, presynaptic Pr was not significantly altered in any of these experimental conditions. Thus, cocaine-induced procedure-and pathway-specific presynaptic enhancement of excitatory synaptic transmission in the NAc. These results, together with previous findings of cocaine-induced postsynaptic enhancement, suggest an increased PFC-to-NAc shell glutamatergic synaptic transmission after withdrawal from exposure to cocaine. This presynaptic alteration may interact with other cocaine-induced cellular adaptations to shift the functional output of NAc neurons, contributing to the addictive emotional and motivational state.
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addiction | multiple probability fluctuation analysis | channelrhodopsin M edium spiny neurons (MSNs) within the nucleus accumbens (NAc) shell function to gate the emotional and motivational arousals for behavioral output (1) . Glutamatergic synaptic input to the NAc provides the major driving force for MSNs and is targeted by drugs of abuse to produce adaptive changes (2) . These drug-induced synaptic adaptations may substantially reshape the functional output of MSNs, leading to a preferential prioritization of addiction-related behavioral output. As such, elucidating cocaine-induced adaptive changes at NAc glutamatergic synapses has been a major task in understanding the neural basis underlying cocaine addiction. Whereas up-regulation of postsynaptic responsiveness of the NAc glutamatergic synapses after cocaine withdrawal are evident (3) (4) (5) , it is not well understood whether the presynaptic input is also concurrently altered. Thus, the effect of cocaine on NAc glutamatergic synapses as a whole remains largely incomplete.
A number of limbic and paralimbic regions project glutamatergic inputs to NAc shell neurons, each presumably carrying different aspects of emotional and motivational information (6, 7) . Among these afferents, we focused on the medial prefrontal cortex (mPFC)-and basolateral amygdala (BLA)-to-NAc (BLANAc) pathways given their important roles in several defining characteristics of cocaine addiction. The prefrontal cortex (PFC)-to-NAc (PFC-NAc) pathway is particularly important for cocaineinduced increase in impulsivity (8, 9) and reinstatement of drug seeking after extinction (10) . The BLA-NAc pathway is essential for cue-induced motivated behaviors (11) (12) (13) and also mediates cue-induced cocaine relapse (14) . In the present study, we used a combination of optogenetic and biophysical tools to detect cocaine-induced presynaptic alterations in these two critical pathways by following two different cocaine procedures [i.p. injection vs. self-administration (SA)]. Our results, together with previous findings of cocaine-induced postsynaptic enhancement (4, 5) , suggest that the PFC-NAc synaptic transmission becomes exceedingly strengthened during long-term withdrawal from cocaine SA.
Results
Combination of Optogenetics and Multiple-Probability Fluctuation Analysis Allows Input-Specific Quantification of Quantal Parameters of Synaptic Transmission. We used a combination of optogenetic tools and multiple-probability fluctuation analysis (MPFA) to investigate pathway-specific synaptic properties, including probability of presynaptic glutamate release (Pr), the quantal size of the glutamatergic release (Q), and the number of active release sites (N) (15, 16) . To establish and verify this procedure, we injected an adeno-associated viral vector (AAV) that expressed channelrhodopsin-2 H134R venus fusion protein (ChR2Y) into the mPFC of newborn mice or rats. Three to four weeks later, we prepared acute coronal PFC slices, which contained yellow fluorescent neurons. We first characterized the properties of ChR2Y, specifically in respect to its desensitization characteristics. With whole-cell voltage-clamp recording, we measured light (λ = 473 nm) evoked currents with varying pulse durations (Fig. 1B) . During a five-pulse train (1 ms duration, 20 Hz), the amplitude of the current progressively decreased to ∼70% of the initial amplitude, consistent with a desensitization of the ChR2Y (normalized photocurrent amplitudes: 100%, 82% ± 4, 74% ± 5, 71% ± 5, 68% ± 5, for first through fifth pulse, respectively, n = 6; Fig. 1C ) (17) . Similar desensitization patterns were observed by optical trains with different stimulation duration (normalized photocurrent amplitudes: 0.1-ms pulse, 100%, 91% ± 3, 81% ± 5, 71% ± 5, 76% ± 5, n = 5; 0.5-ms pulse, 100%, 82% ± 2, 75% ± 3, 70% ± 3, 67% ± 3, n = 6; 2-ms pulse, 100%, 77% ± 6, 69% ± 6, 64% ± 6, 61% ± 7, n = 3). Thus, desensitization is an intrinsic property for ChR2-mediated depolarization currents. However, this desensitization property does not appear to prevent ChR2-mediated current from generating consistent action potential firing. In current clamp recordings, action potentials (APs) were triggered reliably during 100 trials of the five-pulse trains, despite the ChR2 desensitization (AP success rate, 1-ms pulse: 100% ± 0, for all five light pulses, n = 6; Fig. 1 A and C) . This result was further confirmed in three other five-train protocols with different pulse durations (AP success rate, 0.1-ms pulse: 99.7% ± 0.3, n = 7; 0.5-ms pulse: 100% ± 0, n = 7; 1-ms pulse: 100% ± 0, n = 6; 2-ms pulse: 100% ± 0, n = 6, Fig. 1D ). These results suggest that desensitization does not prevent the five-pulse train to consistently elicit repetitive action potentials, which is likely due to the high level of ChR2 expression.
We next tested whether the ChR2-based five-pulse train is suitable for the MPFA. We obtained coronal NAc slices from mice with intra-PFC injection of ChR2. The NAc slices contained yellow fluorescent fibers, indicating that PFC-NAc axonal projections expressed ChR2. With whole-cell voltage-clamp recording, we evoked PFC-NAc pathway-specific synaptic transmission with short light (1 ms) flashes (Fig. 2) . We then applied a five-pulse train (at 20 Hz) to the NAc slice for stimulation of PFC-NAc presynaptic terminals. This five-pulse train has been used to set excitatory synapses to five repetitive and consistent releasing states (with different Prs) for the MPFA (18) . Note that the Pr is a function of release site occupancy and intrinsic release probability, both of which are influenced during shortterm plasticity. It is assumed that along the stimulus train, the Pr changes uniformly and consistently across all release sites (18) . To test whether the light-evoked repetitive stimuli followed the same rule, we plotted the coefficients of variation squared of the amplitudes of the first and second stimulus against the ratio of their mean amplitude (Fig. S1A) (19) . The data points are in the quadrant of the horizontal and vertical dashed line at 1 and on or below the identity line, suggesting a decrease of the Pr in the second compared with the first pulse. We then plotted the variance of the EPSC amplitude of each of the five stimuli of 30-100 sweeps against the mean amplitude ( Fig. 2 A and C) (18) . We derived the Q and N by fitting with a parabola and calculated the Pr for the first stimulus (16) (see Materials and Methods for details). Data from individual cells typically fit a symmetrical parabola curve, consistent with a binomial model of synaptic transmission. To test whether this assay accurately measured changes in the Pr, we applied 10 μM 4-aminopyridine (4-AP) to block presynaptic potassium channels, which can enhance transmitter release (20, 21) . To confirm the presynaptic action of 4-AP, we fitted the decay phase of the first EPSC with a single exponential function. The decay time constant increased after 4-AP significantly, consistent with a prolonged glutamate release by a broadened presynaptic action potential (τ = 3.9 ± 0.3 ms; 4-AP: 4-AP τ = 5.5 ± 0.03 ms; P < 0.05, paired t test). Application of 4-AP increased the mean EPSC amplitude of the first pulse, whereas its variance decreased, suggesting an increase in the Pr (Fig. 2 A-C) . The Pr increased significantly, whereas the Q and N remained unchanged, suggesting that application of 4-AP did not recruit additional synapses nor altered the postsynaptic AMPA receptor (R) function (Pr = 0.53 ± 0.05; 4-AP: Pr = 0.75 ± 0.04, n = 6, P < 0.01, paired t test; Q = 9.63 ± 2.31; 4-AP Q = 9.39 ± 2.35, n = 6, P = 0.91, paired t test; n = 22.38 ± 4.14; 4-AP n = 21.50 ± 5.69, n = 6, P = 0.89, paired t test; Fig. 2 
D-F).
When we plotted the ratio of the second to the first EPSC, the ratio decreased after application of 4-AP, suggesting a 4-APmediated increase in Pr [paired-pulse ratio (PPR) = 0.44 ± 0.06; 4-AP PPR = 0.32 ± 0.05, n = 8, P < 0.05, paired t test; Fig. 2G ]. An additional analysis of the coefficient of variation squared of the first and second pulses in the presence of 4-AP and the coefficient of variation squared of the first pulse in control and in 4-AP against the ratio of the mean amplitudes confirmed a presynaptic mechanism for both the changes in amplitude during the stimulation train and the pharmacological procedure ( Fig. S1 B and C). The lack of change in Q suggested that AMPAR desensitization did not significantly influence the five-pulse trainbased assay, even when glutamate release is extended with 4-AP. These results show that the combination of pathway-specifically expressed ChR2Y and MPFA allowed the quantification of quantal parameters of synaptic transmission.
Cocaine Induces Pathway-Specific Increases in the Pr After ShortTerm Drug Withdrawal. We then tested whether exposure to cocaine-induced presynaptic alterations of PFC-NAc and BLANAc excitatory synapses. We used two experimental procedures: (i) noncontingent (15 mg/kg per d for 5 d i.p.), and (ii) contingent (i.v. SA, 0.75 mg/kg per infusion, 2 h/d for 5 d). Both cocaine procedures produce very different cellular and behavioral effects; typically the contingent procedure offers, arguably, a higher face value of drug addiction (22) . For the cocaine SA procedure, we adjusted the duration of the training session such that animals received approximately the same amount of cocaine each day for 5 d as their i.p. injection counterparts (Fig. S2 ). To selectively target the PFC or BLA afferents to the NAc shell, we injected the AAV-ChR2Y into either the infralimbic PFC or BLA of 3-to 4-wk-old rats. Three weeks later, a large number of neurons of the injection regions and the projecting fibers in the NAc shell exhibited yellow fluorescent signals ( Fig. 3 A projection fibers to the NAc shell. We first tested the synaptic parameters in animals on withdrawal day 1 from the cocaine procedures. In the NAc slices, AP trains of the projection fibers were triggered by repetitive activation of ChR2Y, resulting in EPSCs in NAc shell neurons ( Fig. 3 C-E and I-K). We tested the stability of EPSC responses by plotting the EPSC amplitudes over time and tested whether there are significant differences between the first 10 EPSCs and last 10 EPSCs (Fig. S3) . One hundred ten neurons exhibited no significant difference for at least 40 sweeps. In 93 of these 110 neurons within the PFC-NAc pathway, the variance of the EPSCs against the mean amplitudes could be fitted to calculate the quantal parameters ( Fig. 3 C-E) .
The MPFA revealed that the basal presynaptic release probability at PFC-NAc synapses in saline-exposed rats was approximately 0.5 [Pr = 0.48 ± 0.03, number of cells (n)/number of animals (m) = 13/4; Fig. 3F ], which is similar to the value obtained in mice with optogenetic triggering (Fig. 2 ) and electrical stimulation (23) . Exposure to cocaine via either i.p. injection or SA increased the release probability by approximately 30% (F 2,7 = 11.75, P < 0.01, ANOVA; i.p. cocaine: Pr = 0.65 ± 0.02, n/m = 14/3, P < 0.01 vs. saline; cocaine SA: Pr = 0.62 ± 0.03, n/m = 14/ 3, P < 0.01 vs. saline; Fig. 3F ). In contrast, no significant alterations were observed in either the number of release sites (F 2,7 = 0.78, P = 0.49, ANOVA; saline: n = 20 ± 7, n/m = 13/4; i.p. cocaine: n = 11 ± 4, n/m = 14/3, cocaine SA: n = 15 ± 5, n/m = 14/3) or quantal size (F 2,7 = 1.01, P = 0.41; saline: Q = 17.14 ± 4.18, n/m = 13/4, i.p. cocaine: Q = 24.44 ± 9.63, n/m = 14/3, cocaine SA: Q = 31.08 ± 9.72, n/m = 14/3). Note that the number of release sites highly depended on the number of synapses activated in each recording, which may exhibit a high variability that is not related to the effect of cocaine. Additionally, we estimated the quantal size of nonspecific synaptic transmission onto MSNs by following different procedures with an independent approach (Fig. S4) . We measured the amplitude of spontaneously released quanta in our recorded traces. These averaged between 20 and 25 pA with no significant difference between the procedures and similar magnitudes as the pathway-specific quantal sizes, confirming no gross alteration in Q after cocaine procedures. In an independent set of MPFA experiments, we varied the light pulse duration to test, whether the Pr is influenced by different levels of ChR2Y activation, which might result from differences in ChR2Y expression levels. The Pr was not significantly different using light pulses with different duration (0.5, 1, or 2 ms), suggesting that activation of different amounts of ChR2Y in our experimental conditions did not influence the measurement of Pr [F 2,10 = 0.43, P = 0.66, ANOVA; Pr (0.5 ms) = 0.51 ± 0.06, n = 5; Pr (1 ms) = 0.46 ± 0.02, n = 5; Pr (2 ms) = 0.50 ± 0.04, n = 3; Fig. S5 ].
Using the same approach, we next examined the presynaptic properties of BLA-NAc excitatory synapses after exposure to cocaine (Fig. 3 I-L) . The basal presynaptic release probability within this pathway is significantly higher than that in the PFCNAc pathway (Pr = 0.65 ± 0.01, n/m = 10/4; P < 0.01 vs. PFCNAc, t test). Furthermore, neither i.p. injection nor SA of cocaine significantly affected the release probability of BLA-NAc synapses (F 2,12 = 0.32, P = 0.72, ANOVA; i.p. cocaine: Pr = 0.65 ± 0.04, n/m = 12/4, cocaine SA: Pr = 0.68 ± 0.02, n/m = 17/7; Fig. 3R ). In addition, neither the number of release sites (F 2,12 = 0.35, P = 0.71, ANOVA; i.p. saline, n = 7 ± 3, n/m = 10/4; i.p. cocaine, n = 8 ± 1, n/m = 12/4; cocaine SA, n = 12 ± 5, n/m = 17/7) nor the quantal size ( receptors, the parabola of the variance-mean relationship bends (24) . To test for receptor saturation, we perfused the NAc slice with 0.5 mM kynurenic acid in some experiments and repeated the stimulation to measure the variance-mean relationship with an apparent lower synaptic glutamate concentration (24, 25) . The degrees of blockades of the first, second, and third stimuli before and after kynurenic acid were similar, all approximately 50%, suggesting that potential multivesicular release, if any, did not saturate the AMPARs under our conditions (Fig. S6) . We next performed two independent assays to verify our MPFA-based finding that the Pr at PFC-NAc synapses was increased by cocaine exposure. The first approach involves measuring the time course of MK-801-mediated inhibition of NMDAR EPSCs. Typically, NMDARs at synapses with a high Pr would be activated more frequently and, thus, more rapidly inhibited by the use-dependent antagonist MK-801 (26) . After a stable baseline of NMDAR EPSCs from the PFC-NAc synapses, we started a continuous perfusion of 20 μM MK-801 and observed that the inhibition of NMDAR EPSCs was achieved significantly faster in slices from cocaine-exposed animals than saline controls (Fig.  4A) . The blocking rate was measured as the number of activations via which the inhibition of NMDAR EPSCs reached 50% (N 50 %) (inhibition course fit with two exponentials; i.p. saline, N 50% = 4.41 ± 0.35, n/m = 19/6; i.p. cocaine, N 50% = 2.94 ± 0.55, n/m = 15/5, P < 0.05, t test; Fig. 4B ). The second approach involves measuring PPR of AMPAR EPSCs, which, to some extent, reflect the property of the Pr. In cocaine-exposed rats, whereas the change in the PPR with an interstimulus interval (ISI) of 50 ms was not significant, a significant decrease was observed in the PPR with the ISI of 100 ms (PPR 100 ms ISI: saline, 0.87 ± 0.02, n/m = 22/5; cocaine, 0.75 ± 0.02, n/m = 10/3, P = 0.01; PPR 50 ms ISI: saline, 0.63 ± 0.07, n/m = 33/6; cocaine, 0.60 ± 0.05, n/m = 22/5, P = 0.6, t test, Fig. 4C ). With the ISI of 10 s, the PPR returned to ∼1 as the second EPSCs recovered from the influence of the first EPSCs (saline, 1.02 ± 0.05, n/m = 22/5; cocaine, 0.98 ± 0.02, n/m = 10/3, P = 0.5, t test; Fig. 4C ). Thus, results from both the MK-801 and PPR assays confirmed the conclusion from the MPFA that cocaine exposure increased the Pr at PFC-NAc synapses.
Cocaine Induces Procedure-Dependent Long-Term Presynaptic Changes in PFC-NAc. We next examined the presynaptic properties of excitatory synapses within both the PFC-NAc and BLA-NAc pathways after 45 d withdrawal from repeated i.p. injections or SA of cocaine. At PFC-NAc synapses, the basal Pr from longterm saline withdrawal rats was similar to that in rats with shortterm saline withdrawal (0.53 ± 0.03, n/m = 15/3; P = 0.31 vs. short-term withdrawal; t test; Fig. 5 A and D) . The Pr remained significantly up-regulated after long-term withdrawal from repeated i.p. injection of cocaine (F 2,8 = 28.01, P < 0.01, ANOVA; i.p. cocaine, Pr = 0.64 ± 0.02, n/m = 19/4; P < 0.05 vs. saline; cocaine SA, Pr = 0.73 ± 0.01, n = 19/4, P < 0.01 vs. saline, P < 0.01 vs. i.p. cocaine; Fig. 5 B-D) . Moreover, in cocaine selfadministering rats, the Pr was further increased after long-term withdrawal from the already up-regulated level after short-term withdrawal (P < 0.05 vs. short-term withdrawal, t test), whereas this withdrawal-dependent additional enhancement was not observed in rats with i.p. cocaine injections (P = 0.81 vs. short-term withdrawal, t test). Again, no change was detected in the number of release sites (F 2,8 = 0.05, P = 0.95, ANOVA; i.p. saline, n = 23 ± 4, n/m = 15/3; i.p. cocaine: n = 26 ± 9, n/m = 19/4; cocaine SA: n = 23 ± 10, n/m = 19/4) or the quantal size (F 2,8 = 2.00, P = 0.82, ANOVA; i.p. saline: Q = 15.77 ± 2.47, n/m = 13/2; i.p. cocaine, Q = 13.65 ± 3.02, n/m = 14/4; cocaine SA, Q = 22.24 ± 4.79, n/m = 14/5) within this pathway after long-term withdrawal.
Within BLA-NAc excitatory synapses, the basal presynaptic Pr (in saline-pretreated rats) remained stable throughout the 45 d withdrawal period (P = 0.25 vs. short-term withdrawal, t test; Pr = 0.62 ± 0.02, n/m = 13/2; Fig. 5 E and H) . Furthermore, the release probability did not change significantly by either i.p. To compare the relative increase in Pr between the two different pathways, we normalized the single Prs of the cocainetreated groups to the averaged Pr of their saline control groups. The magnitude of cocaine-induced increase in Pr was significantly higher in the PFC-NAc pathways than in BLA-NAc pathways after 1-d withdrawal from both the noncontingent and contingent exposure and after 45 d withdrawal from contingent cocaine exposure (F 3,13 = 12.02, P < 0.001, ANOVA; i.p. cocaine: PFC-NAc: 1.34 ± 0.03, n/m = 14/3, BLA-NAc: 1.00 ± 0.06, n/m = 12/4 P < 0.05; cocaine SA: PFC-NAc: 1.28 ± 0.06, n/m = 14/3, BLA-NAc: 1.05 ± 0.03, n/m = 17/7 P < 0.05; Fig. S7A ). Furthermore, after 45 d withdrawal, the magnitude of cocaineinduced increase in Pr within the PFC-NAC pathway was significantly higher in rats receiving cocaine by SA than passively exposed rats (F 3,12 = 6.43, P < 0.01, ANOVA; i.p. cocaine: PFCNAc: 1.21 ± 0.03, n/m = 19/4, P < 0.05 vs. PFC-NAc i.p. cocaine, BLA-NAc: 1.07 ± 0.04, n/m = 14/4; cocaine SA: PFC-NAc: 1.38 ± 0.03, n/m = 19/4, BLA-NAc: 1.17 ± 0.08, n/m = 14/4 P < 0.05; Fig. S7B ), suggesting the procedure-and withdrawal-dependent features of this cocaine-induced presynaptic adaptation.
Discussion
By selectively activating different glutamatergic afferents to NAc MSNs, we demonstrated that after exposure to cocaine, the Pr was increased in the PFC, but not the BLA, afferents to the NAc in a procedure-dependent manner. These results establish longterm, pathway-specific presynaptic alterations as a consequence of cocaine exposure on excitatory synaptic transmission to the NAc shell and imply a shift in the driving force of different brain areas onto MSNs in regulating the functional output of NAc neurons.
Cocaine Increases Selectively the Pr of PFC-NAc Synapses. In control animals, the presynaptic Pr of the BLA-NAc shell pathway was higher compared with the PFC-NAc shell pathway with values of ∼0.6 and ∼0.5, respectively (Figs. 2, 3, and 5) . These values of the Pr are largely consistent with those of cortical excitatory NAc projections onto MSNs estimated by using electrical stimulations (0.4-0.6) (23), suggesting our optogenetic approach to reliably quantify Pr. It is important to note, that in the binominal model, we assumed a uniform Pr for all synapses. However, the inhibition time course of NMDAR EPSCs by MK-801 was best fit by two exponentials, suggesting a nonuniform Pr at PFC-NAc synapses (27) . Thus, the Pr values assessed by the MPFAs should be taken as averaged values. Furthermore, a uniform quantal size between different synapses or in one synapse was assumed in the MPFA. This assumption allowed the parabolic fit of Q and N by only sampling five data points (16) . Although this simplification likely introduced a constant error during fitting, the experiment using a pharmacological manipulation demonstrated that a change in Pr could be reliably measured without changes in Q or N (Fig. 2) . In the dorsal striatum, the Pr of the corticostriatal synapses is lower (∼0.4) (28) than that in the NAc. Furthermore, these synapses exhibit paired pulse facilitation, whereas excitatory synapses onto NAc shell MSNs exhibited paired pulse inhibition (Figs. 1, 3 , and 5). Importantly, in the striatum, the position of the stimulation electrode greatly influenced the measurement of the Pr and the PPR. When stimulated inside the striatum, dopamine D1 and D2 receptor-expressing MSNs exhibited different opposite PPRs and, thus, different Prs, but this difference was not detected when stimulated outside of the striatum (28) (29) (30) . This stimulation position-related differentiation may be mediated by activation of additional neuromodulatory fibers when locally stimulated, and if such, it is unlikely to happen with our optical ChR2-based stimulation, which was selective to glutamatergic inputs.
After chronic cocaine procedures, the Pr in the PFC-NAc pathway increased significantly, whereas the BLA-NAc was not changed (Figs. 3-5 and Fig. S7 ). This increase, especially with contingent cocaine exposure, was long lasting because it remained at least for 45 d. Previous studies had identified an increase in the frequency of mEPSCs in NAc shell MSNs (5, 31) . However, a presynaptic mechanism was excluded, because the PPR was unchanged and a postsynaptic mechanism favored (5), e.g., by activation of silent synapses during cocaine withdrawal (32) . It is conceivable, that the random sampling of excitatory synapses might dilute the effect of the PFC-NAc pathway by other afferents such as the BLA-NAc pathway, which are not presynaptically affected by cocaine exposure. Moreover, our results show that different afferents exhibited different presynaptic Prs (Fig. 3) . Thus, sampling different pathways together may further mask the selective effect of cocaine on certain afferents.
Exposure to cocaine generates AMPAR-silent synapses in the NAc shell (33) . It is unlikely that these silent synapses interfere with the MPFA to measure quantal parameters. First, at the holding potential of −70 mV, only active synapses contribute to the MPFA and silent synapses are not sampled. Second, if a single axon makes multiple contacts on a MSN and some of them are silent after cocaine exposure, the connectivity would change. However, in our MPFA assay, N represents the active release sites of all stimulated fibers, which has been experimentally normalized in each experiment by adjusting the light intensity based on the potential number of ChR2Y-positive fibers. Third, in animals with i.p. injections of cocaine, the increase of silent synapses was reversed after withdrawal day 7 (33). Thus, if silent synapses influence MPFA, the quantal parameters would differ on withdrawal days 1 and 45, which was not the case. The propensity to relapse is a key feature of drug addiction (34) . This propensity increases during abstinence/withdrawal and can be triggered by cues to drug taking, stress, or drug exposure. It has been a focus to identify neuronal changes in the NAc, which develop and progress during the withdrawal period. We demonstrated that the Pr in the PFC-NAc pathway is increased 1 d after both noncontingent and contingent cocaine exposure, whereas after long-term cocaine withdrawal, in the SA, the Pr is significantly higher (Fig. 5) . In parallel to these presynaptic alterations is a postsynaptic up-regulation of AMPARs, which occur during withdrawal initially by insertion of GluA2-containing AMPARs and subsequent after long-term withdrawal by GluA2-lacking AMPARs (35) . Blocking GluA2-lacking AMPARs within the NAc attenuates cocaine seeking (36) . It remains unclear which specific pathways in which excitatory synapses undergo such withdrawal-dependent postsynaptic changes, but the increased Pr in the PFC-NAc suggests a shift of the relative weight of driving forces from different afferent pathways. Indeed, a recent in vivo study suggests that the PFC-NAc afferent is strengthened after cocaine withdrawal (37) . In addition, the increased Pr might favor establishing new synaptic connections via generation and maturation of silent synapses (32) .
Functional Implications for Pathway-Specific Changes in the Pr. The PFC and amygdala, especially the projections from the medial PFC and BLA to NAc, have been critically implicated in a large number of cocaine-induced behavioral alterations, such as increased impulsivity, cue-induced relapse, extinction, and reinstatement/relapse to cocaine administration (7, 8, 34) . Neuroimaging studies in cocaine addicts revealed a reduced PFC activity under baseline conditions, which is paralleled by findings in cocaine self-administering rats (38, 39) . However, the PFC and NAc are hyperresponsive toward drug-associated cues or cocaine exposure both in humans and rats. Consistent with the elevated prefrontal responsiveness, the basal intrinsic membrane excitability of medial PFC neurons is increased during withdrawal (40) . Together with the increased Pr in the PFC-NAc synapses (Figs. 3 and 5) , these effects can be conveyed to increased activation of the NAc. Furthermore, the potential shift in responsiveness of the different NAc inputs may produce exceeding activation of the PFC-NAc transmission upon reexposure to cocaine or cocaine-related cues during withdrawal and alter behavioral responses toward addiction-related behaviors, such as craving, relapse, and other emotional and motivational alterations during cocaine withdrawal.
Materials and Methods
Animal Use and Cocaine Administration. Male Sprague-Dawley rats were either i.p. injected with cocaine (15 mg/kg per d) for 5 d or self-administered (0.75 mg/kg in 0.1 mL over 6 s) for 2 h/d on a fixed ratio 1 schedule in an operant-conditioning chamber (41). More details are described in SI Materials and Methods.
Virus Preparation and in Vivo Delivery. ChR2Y H134R (Addgene plasmid 20071) was under the control of a CAG promoter in an AAV with AAV2 ITRs: AAV-ChR2Y (15) and stereotactically injected. More details are described in SI Materials and Methods.
Electrophysiology. Slices were prepared, essentially as described and specified in SI Materials and Methods (32) . Standard whole-cell voltage-clamp recordings were done with published intra-and extracellular solutions (33) . The ACSF was supplemented with 0.1 mM picrotoxin to record EPSCs and 10 μM NBQX and 50 μM APV for photocurrents/APs. MPFA was performed with 30-100 AMPAR EPSCs from each cell at five Pr conditions (16, 18) . The peak amplitude of each EPSC was subtracted for the baseline and averaged. Variance of peak EPSCs was calculated and plotted against the mean amplitude of EPSCs for each eliciting condition. Quantal parameters were estimated from the parabolic fit to the variance-mean relationship.
Statistics. Results are shown as mean ± SEM. Number of cells and animals was presented as "n" and "m," respectively. Results of n were averaged to account for m = 1 for animal based statistics, using one-factor ANOVA, with Tukey post hoc tests or two-tailed t tests.
